A biometrical genetic model is presented for the analysis of quantitatively varying diploid inherited traits which are expressed in a triploid phase. It shows that gene dispersion and ambidirectionality influences virtually all the components of means and at least four components of variances. Consequently, separate parameters are needed to describe the genetic variation among the second-degree statistics of the selfing and the backcrossing series. It is further shown that the effects of maternal/cytoplasmic inheritance can be separated from those of the nuclear genes both by the scaling tests and by the weighted least squares method. The applicability of the model to experimental data is demonstrated by analysing the amylose content of the generations derived from a cross between two pure breeding lines of rice.
Introduction
Biometrical models currently available for the investigation of quantitatively controlled triploid expressed endosperm traits (e.g. Gale, 1976; Huidong, 1987; Bogyo et a!., 1988) are constrained in several respects. Firstly, they assume segregation at only one or two loci and therefore cannot be used effectively to analyse crosses which may be segregating at several loci and/or displaying dispersion of the 'increasing' and 'decreasing' alleles in the parental lines. Secondly, they do not take into consideration all possible reciprocals of various generations and various types of the additive X dominance and the dominance X dominance interaction effects that may be prevailing in the material. Furthermore, two of the models (e.g. Huidong, 1987 and Bogyo et a!., 1988) use the same scale but assign different expectations to several generations. Thus, the analysis of the same set of data by these models is unlikely to yield identical conclusions, especially when non-allelic interactions are detected significant.
In this paper we attempt to remedy these limitations of the current models by developing a model which can accommodate segregation at any number of loci and account for any level of gene association/dispersion in the parental lines. We extend this model further to incorporate maternal/cytoplasmic inheritance so that their components can be tested/estimated simultaneously with those of the allelic and non-allelic effects of the nuclear genes. Although the new model is still subjected to the ubiquitous assumptions of linkage equilibrium, no genotype environment interaction and no gametic selection, we nevertheless believe that it is comprehensive enough to be applicable to most experimental situations and we demonstrate its field applicability by analysing a set of generations that have been derived from a cross between high and low amylose lines of rice.
Model Gene effects and scale
Special features of gene expression among the triploid tissues of cereals such as the endosperm have already been explained by various authors (e.g. Gale, 1976; Huidong, 1987; Bogyo et al., 1988 ) and therefore need not be elaborated again. It is worth mentioning, however, that disomic segregation at any locus (say A/a) in the 3 N background produces four unique genotypes (namely AI4A , AAa, Aaa and aaa) instead of the usual three, Furthermore, these genotypes are given the following definitions in terms of the additive and dominance parameters by Gale (1976 ), Huidong (1987 and Bogyo eta!. (1988) , who have used a different scale and symbols. On Gale's (1976) model tn is the midparental value, da is the averaged additive genetic deviation attributable to the alleles of A/a locus and hat and ha are the dominance deviations corresponding to the two unique combinations in which the 'A' and 'a' alleles exist in the triploid form. Furthermore, the various parameters of the three models have the following relationships: nz is the same for all; a'=d=2/3 da; d1 = h1 = h1 and d2 = h2 = Although either scale is equally effective and does not accrue any special advantages, we shall however follow Gale's (1976) model because it is rather similar to the diploid models that are based on the F. metric of Smith & Robson (1959) .
Extension of Gale's model to two loci requires three more parameters (namely db, hbj and hbi for locus B/b) which can be defined exactly the same way as those for locus A/a when the additive/dominance model is adequate. A further nine parameters are needed, however, to account for the epistatic effects when the two pairs of alleles (A/a and B/b) interact with each other and these parameters are defined as follows.
Symbol
Definition interaction between d and dh interaction between da and hbt interaction between da and hhi interaction between db and hat interaction between c/h and ha interaction between hat and Jib! interaction between hat and hh2 interaction between ha and 'bl interaction between ha and hb.
Contributions of the above additive/dominance/ epistatic parameters to the 16 genotypes of the 3N expressed double hybrid and of these genotypes to the generations derived from the association (AJ4ABBB x aaabbb) and dispersion (AAAhbb X aaaBBB) crosses are presented in Tables 1 and 2 respectively.
Extension to many loci Extension of the two-locus model to many loci essentially requires the accommodation of gene dispersion in the expectations. When parental lines differ for a trait at K loci out of which P has 'increasing' alleles fixed on K -K loci and 'decreasing' alleles on the 
take the following definitions.
[112 = I 11212 + l,i,.
Contributions of the above parameters to the overall
means of various generations and their reciprocals are
given in Table 3 . This model, however, accounts for = i = i nuclear controlled variation only. As triploid tissues
in general and endosperm in particular are the
characteristics of seeds/grains and mother plays a vital
role in their nourishment, the differences between
generations/families therefore can also be influenced
by the delayed effects of the maternal genotypes and/or j>i=i ,=i j=i of cytoplasm. The models that can account for these effects are already published (Mather & Jinks, 1982 and Pooni eta!., 1987) and need no elaboration except that they are represented by components [cl, [dm1 and [hm] which account for the averaged difference attributable to the parental cytoplasms, the delayed effect of inbred mothers and the delayed effect of the F1 mother respectively. Contributions of these components to the various generations are also given alongside those of the genetic components in Table 3 .
Scaling tests Mather (1949) propounded the principles of scaling tests to establish: (a) the adequacy of the additive! dominance model and (b) the absence of scalar effects/ non-allelic interactions. His ideas were further extended by Perkins & Jinks (1970) , Jinks (1978) and Poom et a!. (1987) to devise tests for complications such as reciprocal differences and linkage disequilibrium and to identify the most prominent sources/ components when several sources are found to contribute to the variation simultaneously. The latter ideas are better applied to the present case where all five sources, namely additive, dominance, epistatic, maternal and cytoplasmic effects are assumed to contribute to the between-generation and the betweenreciprocal differences.
When all possible reciprocals of the basic generations are available, the effects of cytoplasm and epistasis can be separated and tested unambiguously using the following comparisons.
Tests of cytoplasmic effects
Delayed effects of the maternal genotypes, however, cannot be tested unambiguously from the early generations because they are always confounded with some epistatic components. The following comparisons, nevertheless, provide conditional tests of [hm] and [dmj which can be applied after the non-allelic interactions are shown to be absent.
Tests of delayed effects of maternal genes 
Contributions of these and the environmental components to the various variances are given in Table   4 . As usual, all the genetic components are biased when they are estimated in the presence of epistasis and/or linkage disequilibrium.
Example
Data that we analysed to demonstrate the applicability of model to field experiments were recorded on a set of basic generations derived from a cross between two elite inbred lines of rice 1R8 and 1R24. The F1 cross of these lines was produced reciprocally during 1985 and the F1 and RF1 plants were selfed and crossed to 1R8 and 1R24 during the following season. The reciprocal F1 hybrids were also reproduced during the latter season to obtain seed of the same age. These materials formed a part of a much larger study, the results of which will be published in a separate paper. Large numbers of seeds were sampled from each of the P1, P2, F1, RF1, F2(F1 self), RF2(RF1 self), B1(F1 x P1), RB1(RF1 xP1), B2(F1 xP2) and RB2(RF1 xP2) families and analysed for amylose content (percentage of endosperm by weight), which is known to be controlled by several loci with unequal effects (Kumar et a!., 1987 Table 5 .
Tests of cytoplasm/c effects and non-al/el/c interactions Lack of a complete set of reciprocals among these data restricts the application of several tests that are described in the subsection on scaling tests. Furthermore, others need to be modified and still more are devised to determine the significance of some specific components. The results of these tests, together with tE1, E2 and E3 apply when VP1 VP2 VF1. the comparisons on which they are based, are presented in Table 6 .
Two of the three tests employed to determine the presence of cytoplasmic effects are highly significant and the third is not. Each comparison, however, takes a negative value and differences between these values are not significant [X2(2) = 2.47']. This suggests that the results are consistent among tests and differences due to the maternal cytoplasms are highly significant [com- bined z2=8l5**1 (1952) and Mather & Jinks (1982) . While this model gave an adequate fit it included, however, two ([hi and [dm}) components which were not significant. The model was therefore refitted after excluding the nonsignificant components. The estimates of the remaining components and the goodness of fit of the model are tabulated in Table 7 . 
Components of variances
According to the expectations in Table 4 we do not expect any heterogeneity between the variances of P1 and P2; F1 and RF1; F2 and RF2, B1 and RB1 and B2 and RB2 families except in the presence of genotype X micro-environmental interactions or differential maternal sensitivity. On the other hand, genetic segregation is expected to make the pooled variances of the F2, B1 and B2 generations significantly larger than the environmental variance E [= 0.25( VP1 + VP2 + VF1 + VRF1 )]. Variance ratios to test the differences between the various pairs of statistics are presented below.
Variance ratio
The above tests show that the experimental results agree with the theoretical expectations on every occasion except one. Variances VB1 and VRB1 differ significantly indicating the presence of g X e interaction and/or differential maternal sensitivity. However, this is an isolated result which is not supported by any other test (from this or other crosses) and therefore must be treated as a rare event.
Further analysis of the second degree statistics is not possible without some explicit assumptions. The first assumption that we make is of complete association of alleles between the parental lines. Under this assumption we equate F with F' + F" and 0.1875 (H1+ H2)+ 0.125H12 with 0.125 (11+ 112) and modify the F2 expectation to: VF2=0.5556D+0.125(Jq1 +H2)+0.1667(F'+F")+E.
Secondly, we assume that the dominance (H1 and [12) components are confounded with the covariance (F' and F") components in such a way that F' and F" provide the estimates of F'+O.375H1 and F"-O.375H2, respectively. Now various components can be estimated both by simultaneous equations and by weighted least squares method and these estimates are listed below. It is apparent from Table 1 that 16 parameters are needed to define completely the intra-and interallelic effects of two loci. These parameters are the same in number as those used by Huidong (1987) but considerably more than those defined by Bogyo et al. (1988 tive X dominance and dominance)< dominance interaction components they are also expected to differ in magnitude and direction under various genetic situations. Consequently, the present model is likely to explain the gene action and digenic interaction more effectively than the models of Bogyo eta!. (1988) . An important consequence of gene expression in the triploid phase is that both nuclear and cytoplasmic/ maternal factors can affect the performances of reciprocal crosses simultaneously (see Tables 2 and 3) . For example, different types of gene effects, namely additive, dominance and epistasis, etc., now contribute to the differences between the reciprocals of the F1 and the backcross generations, which are not normally affected when the character is disomicafly inherited. This means that the F1 performance is also affected by gene association/dispersion in exactly the same way as that of the parental lines and the backcross families. Furthermore, such differences are expected to persist in the descendent generations of the backcrosses but not of the F1. Therefore, separate interaction parameters are needed to explain the genetic differences between the generations of the backcrossing and the self ing series (except F1).
Gene dispersion is also a major factor which affects eight of the 10 components that summarize the intraand interallelic effects of the multilocus model (see Table 3 ). It reduces the apparent magnitude of components like [d] and [i] and confounds the various dominance (h11 and h12) and interaction components (j and 1) with each other. The latter components are also subjected to internal cancellations due to the ambidirectionality of various intra-and interallelic effects. Thus, the true magnitudes of various components will be revealed rarely except when gene association is complete, dominance is unidirectional and all pairs of interacting loci display the same type (complementary or duplicate) of epistasis.
With 13 parameters in the model and many of them correlated with each other, it is absolutely essential to identify the contributing components so that they can be included in the model and estimated by the weighted least squares procedure. Comparisons presented in the sub-section on 'scaling tests' provide much of the requisite information concerning the epistatic components and the cytoplasmic effects.
However, while the contributions of these effects can be determined unambiguously prior to Wls analysis, tests of the delayed maternal effects ([dm1 and [hm] ) are not possible from the early generations except when epistasis is non-significant. The presence of the maternal components, therefore, has to be interpreted indirectly from the inadequacy of the model when nonallelic interaction is detected significant.
The impact of gene dispersion on the components of variances is twofold (see Table 4 ). Firstly, it confounds the two types of dominance effects (h,1 and h,2) and their cross products in such a way that both of them appear in the expectations of H1, H2, F' and F" components. Thus the significance of any of these components cannot be attributed exclusively to the h,1 nor the h12 effects of various loci except when it is known that all the high and low scoring alleles are present in P1 and P2 respectively. Secondly, it makes the crossproduct components differ between the backcrossing and the selfing series such that F is equal to F' and F" but only when alleles are completely associated in the parents (K' = 0). Components D and H12, on the other hand, are unaffected by gene dispersion and therefore can be interpreted unambiguously irrespective of the level of gene association/dispersion displayed by the parental lines.
Application of the present model to the rice data has revealed for the first time that cytoplasm has a significant effect on the amylose level of various generations. Although its effect is comparatively small, nevertheless replacement of the 1R8 cytoplasm with that of 1R24 increases the amylose level by up to 0.60 per cent (see Table 7 ). Furthermore, these results are not exclusive to the 1R8 X1R24 cross because cytoplasmic differences have also been detected in all the remaining crosses of the present study.
A general conclusion that can be drawn from the analysis of first-degree statistics is that amylose content is controlled by a minimum of two, and perhaps more, genes whose alleles display a modest level of digenic interaction. A large value of [d] points to a high degree of gene association in the parental lines while a large [h] 2 indicates that a single dose of the dominant allele is often sufficient for the full expression of dominance at the various loci. The marginal significance of [h}1, on the other hand, suggests that the h11 effects are either negligible or ambidirectional. It is also possible that the h,1 effects are non-existent throughout and [h]1 mostly represents the h,2 effects of those loci (K') that are dispersed in the parents.
At first sight the analysis of second-degree statistics seems to contradict the above conclusions (see section on components of variances). This is particularly apparent from the presence of F' and the absence of F" among the estimated components, which suggests that perhaps h effects of various loci are more important than their h,2 counterparts. However, a closer look reveals that F' represents the combined magnitude of F' + 0.375H1, which can take a large value even when both components are small. On the other hand, F" provides an estimate of F" -0.375H2 and it is more likely to be underestimated in most situations except when dominance is for the lower score and F" is negative.
Finally, the predictions made from the available parameters following Jinks & Pooni (1976) reveal that the rate of transgression among the recombinant inbred lines is likely to be high. Nearly 27 per cent of these lines are expected to transgress the parental range (13.79 per cent for each parent) and about 11 per cent should also match or supersede the amylose level of the hybrid 1R24 X 1R8. However, a similar range of amylose levels will also be observed among the second cycle hybrids which can be produced by crossing the recombinant inbreds. While the genetics of this character therefore accrue no clear advantage to hybrids or inbreds as varieties, the same however may not be true for other traits such as yield and maturity.
